To address the need for accurate nacelle drag estimation, an assessment has been made of different nacelle configurations used for drag evaluation. These include a sting mounted nacelle, a nacelle in free flow with an idealised, freestream pressure matched, efflux and a nacelle with a full exhaust system and representative nozzle pressure ratio. An aerodynamic analysis using numerical methods has been carried out on four nacelles to assess a near field drag extraction method using computational fluid dynamics. The nacelles were modelled at a range of aerodynamic conditions and three were compared against wind tunnel data. A comparison is made between the drag extraction methods used in the wind tunnel analysis and the chosen computational fluid dynamics approach which utilised the modified near-field method for evaluation of drag coefficients and trends with Mach number and mass flow. The effect of sting mounting is quantified and its influence on the drag measured by the wind tunnel methodology determined. This highlights notable differences in the rate of change of drag with free stream Mach number, and also the flow over the nacelle. A post exit stream tube was also found to create a large additional interference term acting on the nacelle. This term typically accounts for 50% of the modified nacelle drag and its inclusion increased the drag rise Mach number by around ÁM ¼ 0.026 from M ¼ 0:849 to M ¼ 0:875 for the examples considered.
Introduction
There is an ongoing need to improve aircraft performance to reduce fuel burn, emissions and operating costs.
1,2 Improvement in engine technologies is needed to provide a significant part of the fuel burn reduction. 2 In recent decades, the on-going development of the aero-engine has followed a trend of increasing the bypass ratio (BPR) of a turbofan engine in order to improve its propulsive efficiency. 3 As the bypass ratio has increased, the fan diameter has grown substantially; whilst the core size has reduced relatively. Although the increase in fan diameter provides benefits to the uninstalled engine cycle, there are adverse effects due to nacelle drag, weight and installation difficulties that offset some of the cycle benefits. Therefore, as this trend for increasing fan diameter continues, it is important to reduce the drag penalty from a larger engine to allow improvements in overall aircraft fuel burn.
A notable contributor to the drag of a modern aero-engine comes from the nacelle. 4, 5 The nacelle is optimised to balance the requirement to contribute as little drag as possible to the overall installation; while providing the quantity and quality of flow required by the engine and incorporating an exhaust system which satisfies cycle compatibility, efficiency and noise suppression requirements over the full aircraft flight envelope. 6 As jet engines have increased in size, the nacelle design has become more critical. A previous study reported an overall engine installation contribution of around 14% of the drag for a civil twin-engine airliner, 4 and an increase in diameter will cause greater nacelle drag and interference with the wing. 5 Significant work has been carried out to try to understand and mitigate the impact of large engines on the overall performance of aircraft. A study into the overall system performance of high BPR engine designs up to a BPR of 21.5 looked at improving three baseline engines and found that increases in fan diameter from 2.85 m to 3.25 m, with a BPR increase from 6.2 to 14.3, could provide improvements in overall fuel burn of 15-16% for an engine with a thrust class in the range of 350-390 kN. 7 However, this study did not look at the detailed aerodynamic design of the nacelles or the interaction with the wing. Another assessment of 'advanced' engine and nacelle concepts looked to apply slimmer and shorter nacelles to engines in the thrust class range of 107-267 kN. These engines incorporated novel nacelles for engines with geared cycles and demonstrated that with an optimal nacelle design, savings of 3% in fuel burn were possible from the advanced nacelle design for a large twin-engine aircraft. 8 The common research model (CRM) is an aircraft configuration comprising wing/body/nacelle/ pylon/horizontal-tail. 9 It was developed as a model for wind tunnel and computational fluid dynamics (CFD) analysis to be used to predict drag characteristics of modern wide body civil aircraft. 9 Principal experimental data for the CRM comes from the NASA Ames 11-ft wind tunnel and the NASA Langley National Transonic Facility. 10 The impact of the through-flow nacelle and pylon were seen to cause an increase in drag of around 20 drag counts, approximately 10% of overall aircraft drag, at the cruise Mach number of 0.85 and lift coefficient of 0.5. As engines increase in size, these influences on drag are expected to become more important and nacelle design will become of increasing importance. Consequently, there is a need to establish the required experimental and computational tools to enable the reliable evaluation of the nacelle performance. This includes aspects such as drag, critical drag-rise Mach number as well as spillage drag.
Nacelle design
A conventionally designed supercritical nacelle is characterised by a curvature driven acceleration over the forebody followed by constant deceleration. 11 For nacelles designed in this way, the peak Mach number reached in the initial acceleration is minimised. A nacelle in a transonic airflow will experience local regions of supersonic flow which typically terminate in shock waves and contribute to the nacelle drag. As the freestream Mach number is increased, the peak local Mach number on the nacelle increases, which results in stronger shocks and the associated wave drag penalties.
Although the design point condition is of vital importance, the off-design aspects are also crucial such as the nacelle performance at higher than cruise Mach numbers. The Mach number at which a rapid increase in drag with freestream Mach number arises is termed the drag rise Mach number and is often defined based on a drag gradient criterion as a function of the freestream Mach number. Though criteria for nacelles are not found in the published literature, several cases for full aircraft drag rise are available. For example, Roskam 12 defines the drag rise Mach number (M DR ) based on a drag gradient (equation (1)). The level of the criterion varies and Shevell 13 reports a value of 0.05 based on the same gradient. Roskam also discusses an alternative to the gradient-based criteria as an increase of 0.002 in c D above the incompressible level. M DR is a key parameter for the assessment of nacelle configurations as a designer will tend to avoid being within 0.02 of the drag rise during cruise. 14 
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The streamtube (Figure 1 ), which enters an aeroengine, varies with the aerodynamic conditions and the engine mass flow requirement. Mass flow capture ratio (MFCR) is the ratio of the cross-sectional area of this streamtube at upstream infinity divided by the Figure 1 . Nacelle geometry parameterisation based on ESDU 27 and pre-entry and post exit streamtubes.
highlight plane area (equation (2)). An engine intake is sized for the maximum required mass flow for takeoff and climb, so usually operates at a MFCR < 1 during the cruise
Spillage drag has been defined as drag incurred when the value of MFCR falls below 1 if the force which acts on the pre-entry streamtube is not balanced by the forebody suction. 15 This is a particular challenge at low engine power settings. The forebody of a nacelle is required to maintain sufficient suction to compensate for the change in momentum of the streamtube between the freestream and the highlight plane. If this is not achieved, then the nacelle is considered to have spillage drag. 16 In the off-design conditions, such as end of cruise where the engine is throttled back or under wind-milling conditions, the MFCR can be reduced significantly. For example a typical mid-cruise MFCR for a subsonic aircraft is in the region of 0.7, 17 which may be reduced throughout the cruise due to the mass loss of the overall aircraft. Under the critical wind-milling condition, typically considered during take-off, the MFCR may be reduced as low as 0.3. 18 It is important for engine designers to reduce the drag penalty associated with these operating regimes. For engines of large diameters the wind-mill drag can create an excessive yaw moment resulting in the need for a larger vertical stabiliser. For instance, one study 7 identified that an increase in fan diameter from 2.84 m to 3.78 m on the B777-200ER at M ¼ 0.2, similar to a take-off condition, resulted in an increase of wind-mill drag of over 150% and an increase in the tail size of 15% was required to balance this yaw moment.
The development of nacelle forebodies began with the requirement for an aerodynamic shape for use as a cowl which did not generate excessive drag. Initial wind tunnel experiments investigated the NACA A, B and C cowls, which were designed to give a high critical Mach number. 19 The NACA 1-series ordinates were developed from these initial tests 20 to provide higher critical Mach numbers and to allow operation at higher freestream Mach numbers for a greater range of cowl dimensions. These ordinates can then be scaled by the required nacelle proportions, d m , d i and L f (Figure 1 ) to provide suitable supercritical cowl designs. As the required dimensions and operating conditions expanded for turbofan engines more complex designs have been developed. 21 Many subsequent designs were focused on improving the offdesign characteristics of nacelles by increasing the lip radius and thereby decreasing curvatures and accelerations over the forebody. 16 An alternative approach to nacelle design has been to maintain laminar flow over as much of the nacelle as possible, resulting in a lower skin friction drag. This approach has led to, for example, the European Laminar Flow Investigation II (ELFIN II) and Laminar flow Research Action (LARA) projects to develop laminar flow nacelles with transition positions at positions further downstream on the nacelle. 22 For example, an analysis of natural laminar flow (NLF) nacelles, with transition at 40% chord, used to power a twinengine aircraft with a 2000 nm mission demonstrated potential fuel burn reductions of 1.7%. 23 Historically, the principal method to assess the drag of a nacelle has been through wind tunnel testing. For civil aero-engine configurations, this has typically been performed using a sting mounted nacelle with a suck down configuration to enable that the effects of MFCR, freestream Mach number and incidence on the nacelle drag to be measured. 16, 21, 24 This usually allows for an assessment of a nacelle design in terms of an absolute drag value and trends in terms of transonic drag rise and spillage. 16, 21, 25 To assess the performance of a nacelle design in a wind tunnel a method is needed to quantify the drag. Strain gauges are sometimes used to measure forces, which act on a wind tunnel model but due to the order of magnitude of the drag, which is much smaller than the overall streamtube forces, it can be difficult to determine accurately. This is partially as a consequence of the sting on which the nacelle is mounted 26 and the need to vary the intake massflow. A commonly used alternative is therefore the wake integral method. 25 This directly quantifies the momentum loss caused by the model through Pitot-static measurements taken with a rake positioned in the nacelle wake.
The nacelle parameterisation, which will be used in this report, is defined based on the established ESDU approach for nacelle design (Figure 1) . 27 Key parameters in nacelle design include the highlight diameter (d i ), which directly determines the highlight area and thus the MFCR for a given intake mass flow and freestream aerodynamic condition. The maximum diameter (d m ) determines the frontal facing area of the nacelle. L f is the forebody length and the combination of d m and L f are chosen to allow a favourable curvature distribution and thus c p distribution over the forebody. This requires a certain amount of initial forebody curvature, 1 r if , to control the acceleration over the forebody as much as possible. Some older nacelles have a cylindrical centrebody of length L c , which allows a separation distance between the forebody and afterbody geometries and reduces the interactions between the aerodynamics of these two sections. Exit diameter (D e ) is dictated by the requirement of the engine design to achieve the cycle design point and optimised for efficiency and operability. The distance L a gives the distance from the maximum diameter to the trailing edge and must be of sufficient length to allow the gradient to transition smoothly from zero at the maximum radius to the required boattail angle (b). L t is then the overall length of the nacelle and, to reduce skin friction drag, should be minimised as far as possible.
The main aim of this paper is to investigate the characteristics of aero-engine nacelle drag, to assess the impact of experimental approaches and to quantify the differences between a wind tunnel analysis of a nacelle and a CFD analysis. From this, the paper highlights the key factors of nacelle performance modelling. The work initially addresses the discretisation accuracy of the wake integral drag extraction method and goes on to use a near-field method to determine the nacelle drag, drag rise and spillage. The interaction terms are directly quantified and their relative size and influence on the wind tunnel measurements is described. The discussion section explores the impact of the experimental method, the effects of the wind tunnel sting mounting and the influence of post exit stream tube aerodynamics. Overall, this work identifies and quantifies some fundamental influences with regards to nacelle aerodynamic testing. It can be used to provide guidance on nacelle installation considerations and instrumentation for wind tunnel testing. The work presents the validated level of fidelity for CFD analyses of nacelle key performance metrics and the associated requirements in terms of the computational models as well as the domain and discretisation needs.
Methodology

Nacelle geometry
Four nacelle geometries are considered in this paper. Nacelle 1 was designed to assess alternatives to the conventional NACA series 1 type forebody designs. 16 It is an axisymmetric design with a cylindrical centrebody, a simple circular arc and straight line for an afterbody. Nacelle 2 was designed to provide a specific Mach number distribution on the nacelle. 28 This approach can allow an acceptable aerodynamic performance for required dimensions through prescribed curvatures. It is also an axisymmetric design with no centrebody section and no straight line sections from the leading edge to the trailing edge. The removal of the centrebody causes the forebody flow to interact more strongly with the afterbody flow. Nacelle 3 is a three-dimensional design, which incorporates both a conventional cylindrical centrebody as well as scarf and offset on the intake and nozzle. 29 Nacelle 4 was designed to represent a conventional nacelle design approach for an ultra-high bypass ratio (UHBPR) engine with a separate jet exhaust system. A UHBPR cycle was developed for an engine of BPR ¼ 17.8 to cruise at a freestream Mach number of 0.82 and MFCR of 0.75 using a simulation tool for modelling engine thermodynamic performance, Turbomatch. 30 The in-house software GEMINI was used to create a representative nacelle and separate jet exhaust geometry for this engine cycle 31 . Table 1 summarises the difference in design approaches taken in the four nacelles. Nacelle 1 is significantly longer but has proportionally less frontal facing area. Aerodynamic assessment of this wide range of geometric parameters allows a performance estimation for both conventional and newer designs. The first three of these geometries (Nacelles 1,2,3) were previously tested at ARA in the transonic wind tunnel. 16, 28, 29 Nacelle 1 was tested experimentally using a sting mounted isolated intake and nacelle 16 across a range of Reynolds number based on maximum diameter from 1.5 Â 10 6 to 2.4 Â 10 6 . The nacelle drag was evaluated using a wake integral method for a range of MFCR from 0.3 to 1.0 and, freestream Mach number from 0.4 to 0.95. Nacelles 2 and 3 were also assessed in the same facility although the measurements were conducted at different periods and, consequently, the experimental arrangements and the aerodynamic analyses were also slightly different. In particular, nacelle 1 was tested significantly earlier than nacelles 2 and 3 and with a larger rake, which would influence the wake integral measurements due to tunnel blockage. 16 
CFD scope and method
The CFD methodology is considered in two aspects: axisymmetric models for the zero incidence studies and 3D configurations for the incidence studies and non-axisymmetric geometries. Axisymmetric calculations utilised a 2D axisymmetric grid, whereas for cases in which the flow or geometry were nonaxisymmetric a 3D half model was used. For 2D axisymmetric computations, a semi-circular domain was generated around the geometries and for the 3D computations a hemi-spherical domain was used.
To assess the effect that the sting mount used in the experiments has on the nacelle aerodynamics, geometries were produced to represent the models both with and without the sting (Figure 2 (a) and (b)). A model with a sting is the closest representation of a wind tunnel configuration and the model without the sting is used to determine the impact of this experimental configuration on the key nacelle metrics. In addition a mesh was created for a nacelle with an exhaust system (Figure 2(c) ). Multi-block structured meshes were generated with ICEM 32 using the gridding guidelines from the AIAA Drag Prediction Workshop (DPW). 33 A near-wall mesh region was constructed to resolve the boundary layer and to provide y þ values in the order of 1. In the region outside of the boundary layer, the maximum cell growth rate of 1.5 was applied in all directions. Within the boundary layer mesh, the maximum cell growth normal to the wall was restricted to 1.2. For the purposes of these CFD analyses, 14 computational meshes were produced as summarised in Table 2 covering four nacelles in three configurations of a nacelle and sting (NS), a free flying nacelle (N) and a nacelle with an exhaust (NE) (Figure 2) .
The CFD aerodynamic configurations were chosen to represent a wide range of aerodynamic conditions and to capture the effects of drag rise, spillage drag and centreline incidence ( CL ) ( Table 3 ). The Reynolds numbers of the wind tunnel analysis are lower than typical cruise Reynolds number of civil aircraft. For altitudes in the region of 11,000 m at typical Mach numbers of 0.8-0.85, the Reynolds number would be an order of magnitude higher. To simulate the typical transition behaviour of a fullscale nacelle, transition is usually fixed at a particular point using roughness strips. Wind tunnel analyses of nacelles 1 and 2 both had the boundary layer transition fixed with the use of transition strips to be more representative of a nacelle in flight. For nacelle 1, these strips were located at 2% L t aft of the highlight. 16 For nacelle 2, the strips were located at approximately 4% L t aft of the highlight. 28 All results reported in this paper are from fully turbulent calculations. The Mach number ranges of the CFD were chosen based on the estimated location of the drag rise Mach number from the wind tunnel analysis. Similarly, MFCR ranges were chosen to suitably capture the critical area ratio and subsequent increase in spillage drag. Conditions for nacelle 4 were tested at a comparable range of M and MFCR to the previous nacelles, but to represent a cruise altitude of 10,668 m a higher Reynolds number is used (Table 3) .
The steady RANS equations were solved for all cases using a double precision implicit density-based solver. 32 The discretisation was second order with a Green-Gauss node-based scheme. The turbulence Table 3 . CFD aerodynamic configurations. model was the two equation k-o SST model, which was chosen for the improved boundary layer modelling over the standard k-" model. Curvature correction was enabled for the 3D computations due to the improvements in modelling highly curved streamlines, 34 which are present in nacelles operating at incidence. Iterative convergence was achieved for normalised residual values of 10 À5 . The axial force on the nacelle was monitored for 500 iterations and did not vary more than 0.006% of the absolute value and was deemed acceptable.
Grid independence study
The effect of the grid discretisation on the computational results was assessed for the nacelle 2 configuration for both 2D axisymmetric and 3D configurations. The 2D axisymmetric configurations with the sting were examined at M 1 ¼ 0:8, MFCR ¼ 0.7 and
. Using the approach recommended by Roache, 35 the grid convergence index (GCI) was calculated for c DÃ from the nacelle 2 cases based on grids between 30,000 and 110,000 cells. The coarsest mesh was chosen for all further cases, which demonstrated around a 1% error compared to the Richardson extrapolation from medium to fine of c DÃ .
To assess the grid sensitivity of the 3D meshes a similar study was carried out on nacelle 2 using meshes of 3.0, 6.0 and 12.0 million cells. For the case at CL ¼ 0, M 1 ¼ 0.8 and MFCR ¼ 0.7, the c DÃ showed a monotonic increase from the coarse to the fine mesh with a variation of 1%. The medium mesh was therefore decided to be in the solution asymptotic range and consequently the medium mesh of 6 million cells was chosen for all subsequent computations.
Domain independence study
A domain independence study was carried out for nacelle 2 in the 2D axisymmetric configuration. Domain diameters of 60d m , 80d m and 100d m were tested. For the case of M 1 ¼ 0:8, MFCR ¼ 0:7 and CL ¼ 0 tested without the sting, the difference in modified drag coefficient was Ác DÃ ¼ 6 Â 10
À5
between the medium and large domain. This is approximately 0.2% of the nominal c DÃ for this configuration and therefore the medium domain with domain diameter of 80d m was chosen for further calculations. The same diameter was used for the hemisphere diameter domain for the 3D cases.
Drag extraction
There are many methods of extracting drag from a CFD solution which are split broadly into far-field and near-field methods. 36 Both of these approaches aim to exclude spurious drag as far as possible. Near-field drag extraction methods are based on the integration of the forces acting on the nacelle tangential to the flow direction and can formally be defined by equation (3) . 36 The first term in the brackets (equation (3)) describes the pressure force acting on the nacelle whilst the other three terms are the viscous forces. The pressure term includes drag contributions from shock waves and boundary layer displacement effects making it impossible to separate these influences in a near-field method. The other problem with a near-field formulation is the reliance on mesh density and turbulence model to ensure adequate resolution in the pressure integration and to avoid numerical dissipation leading to spurious drag. 37 Conversely, far-field methods determine drag through surface integration of a control volume surrounding the object and flow of interest. It is assumed for these methods that the control volume contains all viscous and wave drag effects and that the momentum loss measured at the surfaces is caused by these. The wake integral method is a form of far-field drag extraction where the drag is calculated based on the losses measured in a downstream wake. The integral (equation (4)) is evaluated at nominal downstream infinity plane, which for practical reasons is taken at a point at which there are no further total pressure losses. This method requires for the wake to be split into regions of area (A) where the local mass flow rate ( _ m) is known and the local flow velocity (V) can be measured
In the wind tunnel experiments, 16 ,28,29 a rake was used to measure a plane downstream of the nacelle to assess the momentum loss throughout the wake plane, providing discrete measurements of total and static pressures. Values for experimental uncertainty were not provided in the experimental reports. The experimental equipment provided 26 pressure readings at four azimuthal positions for nacelle 1 to assess the wake losses. 16 From the CFD solution, it was estimated that this accounted for between three and four measurements within the boundary layer for the range of Mach numbers tested. For nacelles 2 and 3, the rake had a greater spatial resolution of probes near the surface of the sting so this number of measurement points was estimated to be between five and eight probes. 38 To demonstrate the discretisation accuracy of this method, the wake integral method was performed on a CFD solution at both CFD resolution and rake resolution. The CFD resolution had between 38 and 40 finite volume cells in the wake boundary layer of the nacelle compared to the range of five to eight of the rake in the experiment. The assessment of the CFD based on these different resolutions was then converted into a simulated estimate of the uncertainty based on the original wind tunnel measurements to demonstrate the sensitivity of the wake integral method to measurement resolution. The simulated uncertainty in C D increased as freestream Mach number increased, from AE2 Â 10 À5 at M 1 ¼ 0:8 to AE5 Â 10 À4 at M 1 ¼ 0:89. The uncertainty also depended on the MFCR and varied from AE2 Â 10
À5
at MFCR ¼ 0:7 to AE3 Â 10 À5 at MFCR ¼ 0:45. This growing error with Mach number has an impact on the ability to correctly determine the drag rise Mach number, particularly when determined by a gradient criterion. The simulated uncertainty on the drag rise Mach number based on equation (1) is AE5 Â 10 À4 . The uncertainty from the wake integral method was notable (between AE2 Â 10 À4 and AE5 Â 10 À4 ) for the Mach numbers of particular interest and the exact experimental procedure could not be thoroughly analysed since it was unknown exactly how many probes were located inside the measured wake. In addition to this, small errors in the estimated free stream velocity can create large errors in drag, due to the summation of the differences in velocity over potentially relatively large areas (equation (4)). Therefore, for the CFD analyses drag characteristics were determined using the modified near-field method. 39 The modified nearfield method involves direct integration of the forces, which act on the surfaces of the nacelle. It is a nearfield approach to drag extraction based on integration of the pressure and viscous forces, which act on the outer nacelle and a momentum integration of the preentry stream tube. 39 Figure 3 shows the basis of the modified near field as the sum of the integrated forces acting on the nacelle nac and pre-entry streamtube pre . This method was used to calculate the modified nacelle drag (D Ã nac ) (equation (5)) and reported as modified drag coefficient (c DÃ ), relative to the maximum nacelle area and free stream conditions (equation (6))
However, as the experimental rake is located between 0.12 and 0.7 nacelle lengths downstream of the trailing edge, depending on the rig, some of the measured drag is due to viscous losses incurred by the sting. In these cases an additional drag term acting on the sting sting must be taken into account. An adjusted drag (D 0 nac ) is therefore defined which gives the value assessed at the location of the experimental rake, equation (7), or as a drag coefficient in equation (8)
As part of the experimental programme, 38 this additional drag term ( sting Þ was estimated in the analyses of nacelles 2 and 3 based on flat plate aerodynamic characteristics and subtracted from the measured drag (D 0 nac ) to produce an estimate of the modified nacelle drag (D Ã nac ). For the CFD validation of nacelles 2 and 3, this flat plate method was reproduced to give a corrected drag coefficient (c Dc ) (equation (15)). As was the case in the wind tunnel analysis, a correlation (equation (9)) 40 for flat plate skin friction was used to estimate the average skin friction coefficient of the sting section. 
Two values of Reynolds number (Re) were calculated for the cowl length L t (equation (10)) and the cowl and sting length L sting combined (equation (11)) from the Reynolds number per unit length (Rex)
Equation (9) then gives the average C f,t for the cowl and C f,combined for the sting and cowl combined. A calculation of the skin friction drag incurred by the sting (C Dsting ) is then estimated from the difference of the area weighted skin friction for c f,combined and C f,t Figure 3 . Diagram of the forces, which act on an isolated nacelle, sting and streamtube, based on AGARD 237. 41 The experimental data reported for nacelles 2 and 3 had this correction for the sting applied to the measured drag to provide a corrected nacelle drag coefficient (c Dc )
This method is the same as was used in the wind tunnel analyses. The use of a near-field method also allows the drag to be suitably decomposed into the drag of the nacelle and the drag of the sting.
For configurations with an exhaust nozzle (NE) also simulated (nacelle 4) or with a pressure matched exhaust (N) the efflux generates an exit streamtube and there is an additional drag component: the pressure force acting on the exit streamtube ( post ). For the cases with this additional force, the pressure was integrated along a bounding streamline extended from the nacelle trailing edge. This post exit force ( post ) was then incorporated into the standard nacelle drag (D nac ) (equation (14)) and reported as a coefficient based on freestream conditions and maximum nacelle area (equation (15)). A post exit force coefficient is also defined (equation (16)) (Table 4 ). The CFD simulations slightly underpredicted the influence of the spillage drag measured at lower MFCRs (Figure 4(d) ). (Table 4 ). This is caused by the local incidence of the flow increasing at the highlight for a lower MFCR. A lower MFCR causes the stagnation point on the nacelle to move closer to the throat and therefore the flow has a greater distance to travel around the lip. Since this region is highly curved a large acceleration occurs, which gives a higher peak Mach number and results in a stronger shock. Nacelle 2 was also tested in a sting mounted configuration in the wind tunnel experiments. 28 Due to the placement of the rake downstream of the nacelle trailing edge, some of the measured momentum loss arises from the skin friction which acts on the sting. This should not be included in the nacelle drag and it was corrected for in the wind tunnel experiments by the assumption of a flat plate skin friction correction factor which has been applied to the reported measurements. 38 To reproduce this correction, in the current computational work a method based on both the flat plate Reynolds number and Mach number was used to estimate the skin friction caused by the sting as was the case in the experimental procedure. 38 Nacelle 2 therefore was modelled computationally with the sting attached (NS) to give an accurate representation of the experimental set up ( Figure 5 ). The CFD data was also postprocessed in the same way as the experimental data (equations (9) to (13)) to determine the corrected drag coefficient (c Dc ). Nacelle 2 is a configuration which was generated using an inverse design approach and is a more modern design compared to nacelle 1. One of the benefits of this design is that, relative to nacelle 1 (Figure 4(b) ), there is a notable increase in the measured M DR from 0.845 to 0.880 at a reference MFCR of 0.7. Another benefit of this detailed design is the improved performance at lower MFCR ( Figure 6 ). This lower gradient of drag coefficient with MFCR makes the nacelle less penalising in the portions of a flight where a lower power setting is used. The improved control over the curvatures in nacelle 2 resulted in a modest 20% increase in drag between MFCR 0.7 and MFCR 0.5 compared to an 85% increase for nacelle 1. At an MFCR of 0.7, and below M DR of 0.880, the CFD predicts the corrected drag coefficient c Dc with an RMS Ác Dc of 0.0001 ( Figure 5(a) ). Above M DR , the difference increases and at the highest M 1 of 0.89 with MFCR of 0.7, this Ác Dc is À0.0015 although there is also notable uncertainty in the experimental data at these higher Mach numbers. At this same MFCR of 0.7, the measured M DR , was 0.879 and the CFD predicted 0.880. For the effect of spillage across the range of MFCR from 0.7 to 0.45 at M 1 ¼ 0.8, the difference between the CFD and the measurements is an RMS Ác Dc of 0.0013. The calculated CFD Ác Dc between MFCR ¼ 0.7 and MFCR ¼ 0.5 is 0.0036 in comparison with the measured value of 0.0023.
Influence of incidence on drag coefficient
Across the flight envelope, the nacelles will operate at different angles of attack and nacelle 2 and nacelle 3 were investigated at a range of incidence up to 6 .
Since it has been demonstrated that the absolute values from the experimental data can be largely influenced by the spatial discretisation of the rake, the analysis centred on the characteristics of drag rise and nacelle Mach number distributions at incidence. Nacelle incidence causes the stagnation of the streamtube to move into the intake near the top surface of the nacelle and further onto the outside of the nacelle lower surface. The influence of nacelle drag is then more pronounced on the topline. The topline streamline must curve more due to the relocation of the stagnation point on the nacelle, which causes greater accelerations as well as greater shock strength in supercritical designs. This then causes a change in the drag rise Mach number. In comparison with the measured data (Table 5) , the predicted drag rise Mach number from the CFD was in good agreement with differences in M DR of ÁM DR ¼ 0.001 at 0 to ÁM ¼ 0.002 at 4 for nacelle 2. The local aerodynamics demonstrates the same flow features for the incidence cases between the CFD and the experiment (Figure 7) . The calculated peak isentropic Mach number is within ÁM DR ¼ 0.01 for nacelle 2. The relative increase in peak Mach number between 2 and 4
was ÁM ¼ 0.122 for the measurement data and ÁM ¼ 0.108 for the CFD data. The measurement data for nacelle 2 predicts very little change in the drag gradients (Figure 8(a) ) between 0 and 2 ; for an axisymmetric nacelle a more pronounced change would be expected and is seen in the CFD data (Figure 8(a) ). However, at 4 , the measured impact of incidence is more prominent in the undrooped configuration, nacelle 2 ( Figure 8 ) with the measured M DR decreased by 0.005 to M DR ¼ 0.874 due to a 2 increase in incidence compared with 0.001 for nacelle 3 (Table 5 ). There is less impact on the drag rise from incidence for the drooped nacelle (nacelle 3), since the drag is a function of the intake incidence as opposed to the quoted centreline incidence. The use of droop is to allow a nacelle to operate in a range of low incidence common in aircraft due to cruise incidence, engine installation and wing upwash. For nacelle 3, the calculated drag rise Mach number from the CFD was greater by between ÁM DR ¼ 0.007 at 4 to ÁM DR ¼ 0.003 at 6 relative to the measured values (Table 5 ). This modest difference is because the CFD tends to slightly underpredict the severity of the post drag rise drag values with a consistent offset after the drag rise Mach number (Figure 8(b) ).
Influence of trailing edge condition
The purpose of the wind tunnel analysis is to help determine the performance of an engine nacelle in flight. However, the typical requirement for a mounting sting and the absence of the nozzle efflux means that there are differences between the wind tunnel simulation and the flight conditions. To assess the contributions to the overall nacelle drag (c D ) from different configurations and to determine how effectively simple configurations can be used to estimate this drag, two sets of analyses were performed. The first set of computations were performed at wind tunnel model scale (MS) and included nacelle/sting (NS) (Figure 2(a) ), nacelle with a cylindrical nozzle (N) (Figure 2(b) ) and a nacelle with a freestream total pressure matched dual stream exhaust (NE) (Figure 2(c) ). The cylindrical nozzle model was intended to represent the simplest reference condition of a nacelle without a jet, and in order to minimise post exit drag terms, the freestream total pressure and temperature were imposed in the cylindrical nozzle duct. The second set sought to model the engine at altitude and included two different configurations of nacelle with dual stream exhaust (NE). One configuration had efflux matched to the freestream total conditions (PM) and one had the boundary conditions representative of an UHBPR at altitude (RE). The wind tunnel model scale (MS) data was computed with a constant free stream total pressure and total temperature which gave a Reynolds number range based on nacelle maximum diameter of 4:5 Â 10 6 to 5:0 Â 10 6 . Based on the International Standard Atmosphere conditions for 10,668 m altitude the full scale Reynolds number range was 22:8 Â 10 6 to 29:6 Â 10 6 . For the configuration with an exhaust geometry and representative efflux (RE) the nozzle pressure ratios were varied with the engine cycle across the Mach number range to ensure a constant MFCR. The fan nozzle pressure ratio ranged between 1.77 and 2.36 whilst the core nozzle pressure ratio varied between 1.37 and 2.00 between M 1 ¼ 0.7 and M 1 ¼ 0.9. The cruise condition for this engine is at M 1 ¼ 0.82 and MFCR ¼ 0.75. The effect of the engine power setting is also of interest therefore the influence of MFCR was also assessed for these configurations ( Table 6) .
The cruise drag, assessed at M ¼ 0.82, MFCR ¼ 0.75, demonstrates the large discrepancies between the different configurations. The post exit force is an important contributor to the overall drag which is around 61% of the magnitude of the modified drag ( Figure 9 ) for the NE/FS/RE case. In the configuration with a cylindrical exhaust (N/MS/PM), the post exit terms were predictably much smaller, however, still reduced the drag by 15% relative to the modified drag ( Figure 9 ). The sting mounted configuration (NS/MS) gave the lowest overall drag (Figure 9 ). The predicted value was around 20% lower than the full configuration (NS/FS/RE) ( Figure 9 ). The source of this lower drag can be identified within the flowfield (Figure 10 ) as an increase in pressure caused by the sting blockage. Locally, the streamlines are turned by both the sting and the boundary layer growth over it which results in a higher relative pressure exerted on the afterbody of the nacelle compared to the configurations without the sting. Relative to the case with the sting (NS/MS), the case with a simple exhaust (N/MS/PM) predicts a 48% higher cruise drag ( Figure 9 ). This gives a direct quantification of the additional force generated by this streamline turning. The inclusion of the cycle efflux (NE/FS/RE) relative to a pressure matched equivalent (NE/FS/PM) results in a 9% increase in the measured drag which is partly caused by a change in the post exit force but also in the modified drag as a result of the trailing edge pressure ( Figure 10 ). These comparisons demonstrate that the post exit force has a large influence on the predicted drag and must be accounted for even when an idealised jet is simulated. In addition, the sting mounted nacelle should be treated with caution unless the additional pressure force acting on the afterbody is accounted for and the drag increased accordingly. The different configurations were also modelled across a range of Mach numbers and the results indicated that the configuration influenced the predicted trends in drag relative to the Mach number ( Figure 11 ). This resulted in different values of drag rise Mach number for the different configurations ( Table 6 ). The model with the sting (NS/MS) once again gave the most optimistic prediction, with a ÁM DR ¼ 0:007 higher drag rise Mach number than the full (NE/FS/RE) configuration. Drag rise predicted from a model with a sting will again be influenced by the buoyancy provided by the sting presence and should be treated cautiously. Table 6 , however, demonstrates that the inclusion of the post exit force is only influential on the configurations, which include a non-cylindrical exit streamtube. For the full configuration (NE/FS/RE), the omission of this term ( post ) results in an underpredicted drag rise by ÁM DR ¼ À0:026. Consequently, it is important to include this value as it can have a large influence on the predicted M DR for designs with an exhaust system.
A spillage increment was calculated between M ¼ 0.82, MFCR ¼ 0.55 and M ¼ 0.82, MFCR ¼ 0.75, which was defined for both the modified nacelle drag (c DÃ ) (equation (17)) and the nacelle drag (c D ) (equation (18)). The difference between the two metrics is therefore the change in the force on the post exit streamtube due to the change in the mass flow ( post,spill ) (equation (19) ). There was a large difference in the spillage drag predicted by the simulation of different configurations ( Figure 12 ). The change in exhaust configuration changed both the size of the post exit force ( post,spill ) and the modified spillage drag (c DÃspill ). The influence of the trailing edge condition therefore influences both the exit streamtube and the forebody spillage. This resulted in the sting mounted (NS/MS) and the nacelle with cylindrical exhaust (N/MS/PM) simulations to predict the highest spillage drags. Conversely, the full configuration (NE/FS/RE) was seemingly affected by a greater modified spillage drag (c DÃspill ) but once the post exit terms were included a negative overall spillage drag was predicted. This is a result of the different shaped streamtube for the lower MFCR with the representative efflux. As the mass flow is reduced the nozzle pressure ratio is also reduced which results in more jet expansion. For this case, the beneficial forward force acting from this offsets any forebody spillage drag and gives a net improvement. To assess the system performance at a lower mass flow the full drag should be considered.
Conclusions
Various aspects of the characteristics and evaluation of aero-engine nacelle drag have been assessed. A quantitative assessment of the drag components, which arise in nacelle wind tunnel tests has been detailed through CFD analyses. The computations have shown reasonable agreement with the measured nacelle drag characteristics for a range of axisymmetric and 3D nacelles. Pre-drag rise nacelle drag is typically determined within 4% and drag rise Mach number (M DR ) within ÁM DR ¼ 0.003 at a typical mass flow capture ratio of 0.70. It has been observed that the experimental and computational modelling of the nacelle exhaust and trailing edge condition can have a notable impact on the drag characteristics.
The use of a sting in experimental work produces an increase in the static pressure at the trailing edge of the nacelle which decreases the measured drag (c D 0 ) and increases the drag rise Mach number (M DR ). Due to a similar effect, the inclusion of an exhaust system with the nacelle, as well as representative efflux flows generating a realistic exit streamtube, greatly increases the modified nacelle drag (c DÃ ) and significantly lowers the drag rise Mach number (M DR ). Relative to a typical civil aero-engine configuration, with separate jets, the typical wind tunnel configuration of a sting mounted nacelle results in a Ác D ¼ 0:0045 reduction in cruise drag, a ÁM DR ¼ 0:07 increase in M DR and a Ác Dspill ¼ 0:0027 increase in the change in spillage drag. Similarly, relative to the separate jets exhaust, the computational modelling approach of using a simple idealized exhaust results in a Ác D ¼ 0:0041 increase in cruise drag, a ÁM DR ¼ 0:02 increase in M DR and a Ác Dspill ¼ 0:0030 increase in the change in spillage drag.
For a configuration with separate jets and a representative exhaust efflux, the post exit terms have a significant impact on the different drag components. The post exit terms are as large as around 60% of the overall modified drag (c DÃ ) for the case demonstrated. These terms also affect the M DR , which was 0.025 lower than that evaluated for the full system. Consequently, for such a configuration, the modified nacelle drag (c DÃ ) is an inappropriate measure of nacelle drag and the overall drag (c D ) including the post exit terms must be used. For a full system representation including a variable NPR in the efflux, the inclusion of the post exit terms also changes the nature of the spillage drag whereby over a small range the spillage can be dominated by an increase in post exit force resulting in a decrease in drag from a decrease in MFCR.
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